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57 ABSTRACT

[Object]

To provide a calculation method and calculation device for
an average sublimation interface temperature, bottom part
temperature, and sublimation rate of the whole to-be-dried
material introduced into a drying chamber of a freeze-drying
device without contaminating or collapsing the to-be-dried
material.

[Solution]

The present invention is applied to a freeze-drying device
that includes a drying chamber DC, a cold trap CT, vacuum
adjustment means for adjusting the degree of the vacuum in
the drying chamber DC, and a control device CR for
automatically controlling the operations of the above ele-
ments. The control device CR stores a required relational
expression and a calculation program, drives the vacuum
adjusting means during a primary drying period of the
to-be-dried material to temporarily change the drying cham-
ber’s degree of vacuum Pdc in an increasing direction, and
calculates the average sublimation interface temperature Ts,
bottom part temperature Tb, and sublimation rate Qm of the
to-be-dried material during the primary drying period in
accordance with the relational expression and with measured
data including the drying chamber’s degree of vacuum Pdc
and the cold trap’s degree of vacuum Pdt, which are
obtained before and after the temporary change.

6 Claims, 10 Drawing Sheets
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FIG. 3
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1
CALCULATION METHOD AND
CALCULATION DEVICE FOR
SUBLIMATION INTERFACE
TEMPERATURE, BOTTOM PART
TEMPERATURE, AND SUBLIMATION RATE
OF MATERIAL TO BE DRIED IN
FREEZE-DRYING DEVICE

TECHNICAL FIELD

The present invention relates to a calculation method and
calculation device for a sublimation interface temperature, a
bottom part temperature, and a sublimation rate of a material
to be dried, which are applied to optimizing and monitoring
a drying process in a freeze-drying device for freeze-drying
a raw material liquid for foods, pharmaceuticals, or the like
until a product having a predetermined moisture content is
obtained.

BACKGROUND ART

In general, pharmaceuticals and the like are freeze-dried
by using a freeze-drying device, which is automatically
controlled by a control device, introducing a large number of
trays, vials, or other containers filled with a to-be-dried
material into a drying chamber, and drying the to-be-dried
material in each container to a predetermined moisture
content. In the above-mentioned freeze-drying process for
the to-be-dried material, which is performed by the freeze-
drying device, it is important for proper monitoring and
optimization of the drying process that an average sublima-
tion interface temperature of the whole to-be-dried material
filled into a large number of containers be accurately mea-
sured. A conventionally known method of measuring the
sublimation interface temperature of the to-be-dried material
during a primary drying period of the freeze-drying process
inserts a thermocouple or other temperature sensor into at
least one of the large number of containers introduced into
the drying chamber and directly measures the temperature of
the to-be-dried material filled into the container. The drying
process is monitored by continuously measuring, from the
start of freezing, the temperature of a shelf stage (shelf
temperature) in the drying chamber in which containers
filled with the to-be-dried material are mounted, the degree
of vacuum in the drying chamber, and the sublimation
interface temperature of the to-be-dried material (product
temperature).

However, when the product temperature is measured by
the temperature sensor, the following problems occur.

(1) The product temperature measured by the temperature
sensor is the temperature of a portion of a to-be-dried
material into which a temperature sensing element of the
temperature sensor is inserted. This does not represent the
product temperature of the whole to-be-dried material intro-
duced into the drying chamber.

(2) As the temperature sensor is not always disposed at the
same location, the degree of reproducibility is low.

(3) The degree of supercooling of the to-be-dried material in
the container into which the temperature sensor is inserted is
decreased by nucleation temperature and ice crystal growth.
Therefore, an average ice crystal size increases to reduce the
water vapor resistance of a dried layer, thereby increasing
the sublimation rate. Further, the to-be-dried material is
affected by radiant heat input from a drying chamber wall
depending on the position of a shelf on which the container
into which the temperature sensor is inserted is mounted.
Therefore, the to-be-dried material does not represent the
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whole to-be-dried material in the containers because it
differs in a drying rate, for instance, from a to-be-dried
material in a container placed at a location apart from the
drying chamber wall.

(4) As described above, the to-be-dried material into which
the temperature sensor is inserted exhibits a high drying rate.
Therefore, if a point of time at which there is no difference
between the product temperature of the to-be-dried material
into which the temperature sensor is inserted and the shelf
temperature is regarded as the end point of primary drying,
it is possible that ice may be left on the to-be-dried material
in a container placed at the center of the shelf. Consequently,
the to-be-dried material may be introduced into a secondary
drying process before being completely sublimated, and
collapse (become defective and unrecoverable without being
dried to required dryness).

(5) In consideration of work efficiency, the temperature
sensor has to be manually set in a container. Meanwhile, as
regards the sterile formulation of a pharmaceutical, it is
stipulated that a partially stoppered container must be
handled in an important process zone. However, according
to a regulatory authority, a problem occurs if a person
installs the temperature sensor by leaning over a laminar
flow of grade A and bending over an array of containers.
Consequently, as regards at least the sterile formulation of a
pharmaceutical, it is difficult to let a person enter a grade A
area in order to set the temperature sensor in its place. At
present, regulatory guidelines in various countries also
stipulate strict regulations concerning a process of loading a
partially stoppered container filled with a medical solution to
the shelf of the freeze-drying device. Such regulations point
out a risk of causing the partially stoppered container to be
contaminated when it is manually transported or transferred
to the shelf. Under the above circumstances, a latest tech-
nology is adopted to automate a process of transferring the
partially stoppered container from a filling machine to the
shelf of the freeze-drying device. However, an automatic
loading device does not measure the product temperature
because it cannot make product temperature measurements
on individual containers. In an actual sterile formulation of
a pharmaceutical, therefore, the product temperature mea-
surements are made on the individual containers during the
validation of three lots at a production start-up stage, and
when a required product evaluation is obtained from the
results of the measurements, subsequent production is con-
ducted merely by managing parameters indicative of the
shelf temperature and the degree of vacuum.

Under the above circumstances, a method called the
MTM (Manometric Temperature Measurement) method is
conventionally proposed. The MTM method performs cal-
culations on measured values of the other parameters to
determine the sublimation interface temperature of the to-
be-dried material instead of directly measuring the sublima-
tion interface temperature. This method is applied to a
freeze-drying device W that includes a drying chamber DC
and a cold trap CT as shown in FIG. 1. The drying chamber
DC is a chamber into which the to-be-dried material is
introduced. The cold trap CT condenses and traps water
vapor generated from the to-be-dried material introduced
into the drying chamber DC. The drying chamber DC
communicates with the cold trap CT through a main pipe a
having a main valve MV. During the primary drying period
of the to-be-dried material, the main valve MV is closed for
a period of more than 10 seconds at fixed time intervals to
measure changes in the degree of vacuum in the drying
chamber DC with an absolute vacuum gauge at a measure-
ment rate of 1 second or lower. The sublimation interface
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temperature Ts and the dried layer water vapor resistance Rp
are then calculated from the measured changes in the degree
of vacuum (refer to Nonpatent Literature 1).

As described above, when a vacuum freeze-drying device
is activated to start a primary drying process with the
to-be-dried material introduced into the drying chamber DC,
the MTM method periodically closes the main valve MV
between the drying chamber DC and the cold trap CT at

5

fixed time intervals to isolate the drying chamber DC from 0

the cold trap CT. This temporarily inhibits the cold trap CT
from condensing and trapping the water vapor generated
from the to-be-dried material in the drying chamber DC.
When the drying chamber DC is isolated from the cold trap
CT, the water vapor sublimated from the to-be-dried mate-
rial rapidly raises the pressure in the drying chamber DC to
a sublimation interface pressure of the to-be-dried material.
Subsequently, the vacuum pressure in the drying chamber
increases with an increase in the product temperature. The
average sublimation interface temperature of the to-be-dried
material is then calculated from the changes in the degree of
vacuum in the drying chamber. The degree of vacuum in the
drying chamber needs to be measured with a vacuum gauge
b that is capable of measuring an absolute pressure. It is also
necessary to collect data at a fast recording speed, that is,
within a period of 1 second or shorter.

However, the MTM method has the following two prob-
lems.

(1) When the main valve MV is fully closed, the pressure in
the drying chamber DC rises to the sublimation interface
pressure or higher, thereby raising the sublimation interface
temperature to a collapse temperature of the to-be-dried
material or higher. Therefore, a dried product may collapse,
resulting in unsuccessful freeze drying.

(2) When the MTM method is exercised, the main valve MV
needs to be instantaneously opened and closed. However,
when a common production machine is used, it takes several
minutes to open and close the main valve MV. This com-
plicates the calculation of the sublimation interface tempera-
ture. Further, when the main valve MV is opened and closed
with a delay, the degree of vacuum in the drying chamber
DC further decreases. This also makes the to-be-dried mate-
rial easily collapsible.

FIG. 2 shows an example of a monitoring result of a
freeze-drying process performed by the MTM method. The
freeze-drying process was performed by using a 5% water
solution of sucrose as the to-be-dried material. The subli-
mation interface temperature Ts of the to-be-dried material
mounted on the shelf of the drying chamber DC was
calculated by the MTM method during the primary drying
period. Further, for verification purposes, a temperature
sensor (thermocouple) was inserted into the to-be-dried
material in a vial placed at an end of the shelf and into the
to-be-dried material in a vial placed at the center of the shelf
in order to measure not only the product temperature Tm
(side) at the end of the shelf and the product temperature Tm
(center) at the center of the shelf, but also the shelf tem-
perature (Th). As is obvious from FIG. 2, the sublimation
interface temperature Ts of the to-be-dried material that was
calculated by the MTM method is substantially equal to the
product temperature Tm (side) at the end of the shelf and the
product temperature Tm (center) at the center of the shelf,
which were measured by the temperature sensor. It indicates
that the sublimation interface temperature Ts of the to-be-
dried material can be accurately measured by using the
MTM method.
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SUMMARY OF INVENTION
Technical Problem

However, as is obvious from the experimental result
shown in FIG. 2, the MTM method decreases the degree of
vacuum in the drying chamber DC (increases the pressure in
the drying chamber DC) while the main valve MV is closed.
Therefore, the sublimation interface temperature Ts of the
to-be-dried material rises during such a process, thereby
making the to-be-dried material easily collapsible. More
specifically, FIG. 2 indicates that, at an initial stage of the
primary drying period, the shelf temperature Th was set at
-20° C. whereas the sublimation interface temperature of
the to-be-dried material, which was calculated by the MTM
method, was not higher than -34° C. As the collapse
temperature of sucrose is —=32° C., the to-be-dried material
does not possibly collapse in such a state. However, when
the shelf temperature is raised to 0° C. after a lapse of
approximately 21 hours from the start of freeze-drying, the
sublimation interface temperature of the to-be-dried mate-
rial, which is calculated by the MTM method, rises to —30°
C. FIG. 2 shows that the sublimation interface temperature
during the primary drying period can be calculated by the
MTM method. However, the MTM method repeatedly
closes the main valve MV during the primary drying period
as described above. Therefore, the degree of vacuum in the
drying chamber DC decreases to raise the product tempera-
ture by 1 to 2° C. while the main valve MV is closed.
Consequently, if the sublimation interface temperature of the
to-be-dried material approaches the collapse temperature of
the to-be-dried material while the main valve MV is closed,
the to-be-dried material may collapse. In addition, the num-
ber of containers whose contents are sublimated increases to
decrease the amount of sublimation during a later stage of
primary drying and a period of transition from primary
drying to secondary drying. Hence, the calculated sublima-
tion interface temperature rapidly lowers during the use of
the MTM method. As a result, product temperature changes
cannot be monitored during the later stage of primary drying
and the period of transition from primary drying to second-
ary drying.

If a dried product collapses, it cannot be vacuum-dried
again so that raw materials are wasted. Particularly, as
regards pharmaceuticals whose raw materials are expensive,
it is strongly demanded that the collapse of to-be-dried
materials be absolutely avoided.

The present invention has been made to solve the above-
described problem with conventional technologies. An
object of the present invention is to provide a calculation
method and calculation device for the average sublimation
interface temperature, bottom part temperature, and average
sublimation rate of the whole to-be-dried material intro-
duced into a drying chamber of a freeze-drying device
without contaminating or collapsing the to-be-dried materi-
als.



US 9,488,410 B2

5

Solution to Problem

In order to solve the above problem, according to the
present invention, there is provided a calculation method for
a sublimation interface temperature, a bottom part tempera-
ture, and a sublimation rate of a material to be dried in a
freeze-drying device having a drying chamber (DC) into
which the to-be-dried material is introduced, a cold trap
(CT) for condensing and trapping water vapor generated
from the to-be-dried material introduced into the drying
chamber (DC), a main pipe (a) for providing communication
between the drying chamber (DC) and the cold trap (CT), a
main valve (MV) for opening and closing the main pipe (a),
vacuum adjustment means for adjusting the degree of
vacuum in the drying chamber (DC), vacuum detection
means for detecting an absolute pressure in the drying
chamber (DC) and an absolute pressure in the cold trap
(CT), and a control device (CR) for automatically control-
ling the operations of the drying chamber (DC), of the cold
trap (CT), and of the opening adjustment means, wherein the
control device (CR) stores a required relational expression
and a calculation program, drives the vacuum adjustment
means during a primary drying period of the to-be-dried
material to temporarily change the degree of vacuum (Pdc)
in the drying chamber (DC) in an increasing direction, and
calculates an average sublimation interface temperature, an
average bottom part temperature, and the sublimation rate of
the to-be-dried material that prevail during the primary
drying period in accordance with the relational expression
and with measured data including at least the degree of
vacuum (Pdc) in the drying chamber (DC) and the degree of
vacuum (Pdt) in the cold trap (CT), which are obtained
before and after the temporary change.

According to the present invention, there is provided the
calculation method for the sublimation interface tempera-
ture, the bottom part temperature, and the sublimation rate of
the material to be dried as described in the above-mentioned
aspect, wherein the main pipe (a) includes an opening
adjustment device (C) as the vacuum adjustment means;
wherein the relational expression stored in the control device
describes the relationship between the sublimation rate (Qm)
under water load in a state where the main valve (MV) is
fully open, an opening angle (8) of the opening adjustment
device (C), and a main pipe resistance R(6); and wherein the
control device (CR) turns the opening adjustment device (C)
at least once in an opening direction during the primary
drying period of the to-be-dried material introduced into the
drying chamber (DC) to change the degree of vacuum (Pdc)
in the drying chamber (DC) in the increasing direction, and
calculates the average sublimation interface temperature, the
bottom part temperature, and the sublimation rate of the
to-be-dried material that prevail during the primary drying
period in accordance with measured data about the opening
angle (0) of the opening adjustment device (C), the degree
of'vacuum (Pdc) in the drying chamber (DC), and the degree
of vacuum (Pdt) in the cold trap (CT), which are obtained
before and after the opening-direction turning of the opening
adjustment device (C).

According to the present invention, there is provided the
calculation method for the sublimation interface tempera-
ture, the bottom part temperature, and the sublimation rate of
the material to be dried as described in the above-mentioned
aspect, wherein the drying chamber (DC) includes a vacuum
control circuit (f) with a leak control valve (LV) as the
vacuum adjustment means; wherein the relational expres-
sion stored in the control device describes the relationship
between the sublimation rate (Qm) under water load in a
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state where the main valve (MV) is fully open and a water
vapor flow resistance coefficient (Cr) of the main pipe (a);
and wherein the control device (CR) closes the leak control
valve (LV) at least once during the primary drying period of
the to-be-dried material introduced into the drying chamber
(DC) to change the degree of vacuum (Pdc) in the drying
chamber (DC) in the increasing direction, and calculates the
average sublimation interface temperature, the average bot-
tom part temperature, and the sublimation rate of the to-be-
dried material that prevail during the primary drying period
in accordance with measured data about the degree of
vacuum (Pdc) in the drying chamber (DC) and the degree of
vacuum (Pdt) in the cold trap (CT), which are obtained
before and after the closing of the leak control valve (LV).

According to a aspect of the present invention, there is
provided a calculation device for a sublimation interface
temperature, a bottom part temperature, and a sublimation
rate of a material to be dried in a freeze-drying device having
a drying chamber (DC) into which the to-be-dried material
is introduced, a cold trap (CT) for condensing and trapping
water vapor generated from the to-be-dried material intro-
duced into the drying chamber (DC), a main pipe (a) for
providing communication between the drying chamber (DC)
and the cold trap (CT), a main valve (MV) for opening and
closing the main pipe (a), vacuum adjustment means for
adjusting the degree of vacuum in the drying chamber (DC),
vacuum detection means for detecting an absolute pressure
in the drying chamber (DC) and an absolute pressure in the
cold trap (CT), and a control device (CR) for automatically
controlling the operations of the drying chamber (DC), of
the cold trap (CT), and of the opening adjustment means;
wherein the control device (CR) is a sequencer (PLC) or a
personal computer (PC) that stores a required relational
expression and a calculation program; and wherein the
control device (CR) drives the vacuum adjustment means
during a primary drying period of the to-be-dried material to
temporarily change the degree of vacuum (Pdc) in the drying
chamber (DC) in an increasing direction, and calculates an
average sublimation interface temperature, an average bot-
tom part temperature, and the sublimation rate of the to-be-
dried material that prevail during the primary drying period
in accordance with the relational expression and with mea-
sured data including at least the degree of vacuum (Pdc) in
the drying chamber (DC) and the degree of vacuum (Pdt) in
the cold trap (CT), which are obtained before and after the
temporary change.

According to the present invention, there is provided the
calculation device for the sublimation interface temperature,
the bottom part temperature, and the sublimation rate of the
material to be dried as described in the above-mentioned
aspect, wherein the main pipe (a) includes an opening
adjustment device (C) as the vacuum adjustment means;
wherein the relational expression stored in the control device
(CR) describes the relationship between the sublimation rate
(Qm) under water load in a state where the main valve (MV)
is fully open, an opening angle (8) of the opening adjustment
device (C), and a main pipe resistance R(8); and wherein the
control device (CR) turns the opening adjustment device (C)
at least once in an opening direction during the primary
drying period of the to-be-dried material introduced into the
drying chamber (DC) to change the degree of vacuum (Pdc)
in the drying chamber (DC) in the increasing direction, and
calculates the average sublimation interface temperature, the
bottom part temperature, and the sublimation rate of the
to-be-dried material that prevail during the primary drying
period in accordance with measured data about the opening
angle (0) of the opening adjustment device (C), the degree
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of'vacuum (Pdc) in the drying chamber (DC), and the degree
of vacuum (Pdt) in the cold trap (CT), which are obtained
before and after the opening-direction turning of the opening
adjustment device (C).

According to the present invention, there is provided the
calculation device for the sublimation interface temperature,
the bottom part temperature, and the sublimation rate of the
material to be dried as described in the above-mentioned
aspect, wherein the drying chamber (DC) includes a vacuum
control circuit (f) with a leak control valve (LV) as the
vacuum adjustment means; wherein the relational expres-
sion stored in the control device (CR) describes the rela-
tionship between the sublimation rate (Qm) under water load
in a state where the main valve (MV) is fully open and a
water vapor tlow resistance coefficient (Cr) of the main pipe
(a); and wherein the control device (CR) closes the leak
control valve (V) at least once during the primary drying
period of the to-be-dried material introduced into the drying
chamber (DC) to change the degree of vacuum (Pdc) in the
drying chamber (DC) in the increasing direction, and cal-
culates the average sublimation interface temperature, the
average bottom part temperature, and the sublimation rate of
the to-be-dried material that prevail during the primary
drying period in accordance with measured data about the
degree of vacuum (Pdc) in the drying chamber (DC) and the
degree of vacuum (Pdt) in the cold trap (CT), which are
obtained before and after the closing of the leak control
valve (LV).

Advantageous Effects of Invention

The present invention drives the vacuum adjustment
means during the primary drying period of the to-be-dried
material to temporarily change the degree of vacuum in the
drying chamber and calculates the average sublimation
interface temperature, the average bottom part temperature,
and the sublimation rate of the to-be-dried material that
prevail during the primary drying period in accordance with
the measured data including at least the degree of vacuum in
the drying chamber and the degree of vacuum in the cold
trap, which are obtained before and after the temporary
change. Therefore, the degree of vacuum in the drying
chamber changes to increase above a vacuum control value
when the measured data is collected. As this decreases the
sublimation interface temperature, it is possible to com-
pletely avoid the risk of collapsing the to-be-dried material.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram illustrating the configuration of a
freeze-drying device that is applied to a situation where a
sublimation interface temperature of a to-be-dried material
is calculated by a conventional MTM method.

FIG. 2 is a graph illustrating the problems of the MTM
method.

FIG. 3 is a diagram illustrating the configuration of a
freeze-drying device to which a calculation method and
calculation device for a flow path opening vacuum control
system according to a first embodiment are applied.

FIG. 4 is a flowchart illustrating the flow path opening
vacuum control system.

FIG. 5 is a graph illustrating the water-load-dependent
relationship between the opening 6 of an opening adjustment
device and a main pipe resistance R that is determined by the
calculation method and calculation device for the flow path
opening vacuum control system according to the first
embodiment.
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FIG. 6 is a diagram illustrating the configuration of a
freeze-drying device to which a calculation method and
calculation device for a leak type vacuum control system
according to a second embodiment are applied.

FIG. 7 is a flowchart illustrating the leak vacuum control
system.

FIG. 8 is a diagram illustrating the configuration of an
experimental machine that is used to calculate the sublima-
tion interface temperature, bottom part temperature, and
sublimation rate of the to-be-dried material.

FIG. 9 is a graph illustrating the water-load-dependent
relationship to a water vapor flow resistance coefficient Cr of
a main pipe flow path that is determined by the calculation
method and calculation device for the leak vacuum control
system according to the second embodiment.

FIG. 10 is a graph illustrating the comparison of advan-
tageous effects between the present invention and the MTM
method.

DESCRIPTION OF EMBODIMENTS

The calculation method and calculation device for a
sublimation interface temperature, a bottom part tempera-
ture, and a sublimation rate of a to-be-dried material that are
applied to a freeze-drying device in accordance with the
present invention will now be described in conjunction with
specific embodiments.

First Embodiment

The calculation method and calculation device according
to a first embodiment are applied to a freeze-drying device
of'a flow path opening vacuum control type that includes an
opening adjustment device (damper) for adjusting the degree
of vacuum in a drying chamber. The opening adjustment
device is disposed in a main pipe that connects the drying
chamber to a cold trap.

More specifically, as shown in FIG. 3, a vacuum-drying
device W1 according to the first embodiment mainly
includes a drying chamber DC into which a to-be-dried
material is introduced, a cold trap CT for condensing and
trapping water vapor generated from the to-be-dried material
introduced into the drying chamber DC by using a trap coil
Ct, a main pipe a for providing communication between the
drying chamber DC and the cold trap CT, a main valve MV
for opening and closing the main pipe a, a damper-type
opening adjustment device C disposed in the main pipe a, a
suction valve V annexed to the cold trap CT, a vacuum pump
P connected to the suction valve V, a vacuum gauge b for
detecting an absolute pressure in the drying chamber DC and
an absolute pressure in the cold trap CT, and a control device
CR for automatically controlling the operations of the
above-mentioned elements. In the present embodiment, a
control panel having a sequencer PL.C and a recorder e is
used as the control device CR. The sequencer PLC stores in
advance a required calculation program and a relational
expression that describes the relationship between the sub-
limation rate Qm under water load in a state where the main
valve MV is fully open, an opening angle 6 of the opening
adjustment device C, and a main pipe resistance R(6). A
personal computer in which the above calculation program
and relational expression are recorded may be used as the
control device CR in place of the control panel. Further, a
differential vacuum gauge for detecting the difference
between the absolute pressure in the drying chamber DC and
the absolute pressure in the cold trap CT may be provided in
place of the vacuum gage b for detecting the absolute
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pressure in the drying chamber DC and in the cold trap CT.
The opening angle 0 is the angle of rotation of the opening
adjustment device C from a fully-open state (0°).

When an average sublimation interface temperature Ts,
average bottom part temperature Tb, and sublimation rate
Qm of the to-be-dried material introduced into the drying
chamber DC during a primary drying period are to be
calculated, the control device CR turns the opening adjust-
ment device C at least once in an opening direction as shown
in FIG. 4 to change the degree of vacuum in the drying
chamber DC in an increasing direction during each opera-
tion and obtains measured data about the opening angle 6 of
the opening adjustment device C, the degree of vacuum Pdc
in the drying chamber DC, and the degree of vacuum Pdt in
the cold trap CT, which prevail before and after the opening-
direction turning of the opening adjustment device C.
<Method of Calculating the Average Sublimation Interface
Temperature Ts>

When the degree of vacuum Pdc in the drying chamber
DC is changed in the increasing direction, the average
sublimation interface temperature Ts of the whole to-be-
dried material can be calculated as follows from the mea-
sured data about the change in the degree of vacuum.

First of all, the flow rate (sublimation rate) Qm of water
vapor that moves from a sublimation interface into the
drying chamber through a dried layer of the to-be-dried
material is determined by the following equation when a
sublimation interface pressure is Ps (Pa), the degree of
vacuum in the drying chamber is Pdc (Pa), and the water
vapor transfer resistance of the dried layer of the to-be-dried
material is Rp (Kpa-S/Kg).

Om=dm/dt=(Ps-Pdc)/Rp

If, before the degree of vacuum Pdc in the drying chamber
DC is changed in the increasing direction, the water vapor
flow rate is Qml, the sublimation interface pressure is Psl,
and the degree of vacuum in the drying chamber DC is Pdcl,
and if; after the degree of vacuum Pdc in the drying chamber
DC is changed in the increasing direction, the water vapor
flow rate is Qm2, the sublimation interface pressure is Ps2,
and the degree of vacuum in the drying chamber DC is Pdc2,
the water vapor flow rate Qm1 before the degree of vacuum
Pdc in the drying chamber DC is changed in the increasing
direction is expressed by the following equation.

Om1=3.6x(Ps1-Pdcl)/Rp

The wafer vapor flow rate Qm2 after the degree of
vacuum Pdc in the drying chamber DC is changed in the
increasing direction is expressed by the following equation.

Om2=3.6x(Ps2xPdc2)/Rp

As Pdc2 is lower than Pdcl, the sublimation interface
temperature Ts decreases after the degree of vacuum Pdc in
the drying chamber DC is changed.

In other words, if the ratio between the sublimation rate
Qm before the degree of vacuum Pdc in the drying chamber
DC is changed in the increasing direction and the sublima-
tion rate Qm after the degree of vacuum Pdc in the drying
chamber DC is changed in the increasing direction is C, the
following equation is obtained from the above equation.

C=0m1/Qm2=(Ps1-Pdcl)/(Ps2-Pdc2)

If Ps1=Ps and Ps2=Ps-APs, the following equations are
obtained.

C=(Ps—Pdcl)/(Ps-APs-Pdc2)
Ps—CxPs=Pdcl-Cx(APs+Pdc2)

Ps=[Cx(Pdc2+APs)-Pdcl])/(C-1)
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where APs is a decrease in the sublimation interface pressure
that is caused when the sublimation interface temperature
decreases while the degree of vacuum Pdc in the drying
chamber DC is being changed in the increasing direction.

Further, when the Clausius-Clapeyron equation
LnPs=28.91-6144.96/Ts is differentiated, the equation APs/
Ps=6144.96xATs/Ts* is obtained. From this equation, the
average sublimation interface temperature Ts=6144.96/
(28.911-LinPs)-273.15 is obtained.

As far as the sublimation rates Qm1, Qm2, which prevail
before or after the degree of vacuum Pdc in the drying
chamber DC is changed in the increasing direction, are
accurately measured at fixed intervals during the primary
drying period, the above calculation equations make it
possible to calculate the average sublimation interface tem-
perature of the whole to-be-dried material.
<Method of Calculating the Average Bottom Part Tempera-
ture Th>

The average bottom part temperature Tb of the whole
to-be-dried material during the primary drying period and
the period of transition from primary drying to secondary
drying can be calculated as follows.

First of all, the amount of heat input Qh from a shelf to
the bottom of a container due to gaseous conduction is
calculated by the following equation.

Oh=AexKx(Th-Tb)

where Ae is an effective heat transfer area (m?), K is a
coefficient of heat transfer from the shelf to the bottom of the
container due to gaseous conduction, Th is a shelf tempera-
ture)(C.°), and Tb is a bottom part temperature)(C.°).

The effective heat transfer area Ae can be calculated from
the equation Ae=2/(1/Av+1/At).

The coefficient K (W/m*® C.) of heat transfer from the
shelf to the bottom of the container due to gaseous conduc-
tion is K=16.86/(8+2.12x29x0.133/Pdc).

In the equation for calculating the effective heat transfer
area Ae, Av is the bottom part area (m?) of the container and
At is a tray frame area (m?).

The container bottom part area Av can be calculated from
the equation Av=n/4xn1xd* (nl is the number of vials and d
is a vial diameter). The tray frame area At can be calculated
from the equation At=n2xWxL (n2 is the number of frames,
W is a frame width, and L is a frame length).

In the equation for calculating the coefficient K of heat
transfer from the shelf to the bottom of the container due to
gaseous conduction, § is a gap between the bottoms of
containers and expressed in units of mm.

Meanwhile, the amount of radiant heat input Qr from a
drying chamber wall to all containers is determined by the
following equation.

Or=5.6Txexdex[(Tw/100)*~(Tb/100)"]

where € is a radiation coefficient, Tw is a drying chamber
wall temperature, and Tb is the bottom part temperature.

Further, the amount of radiant heat input Qr from the
drying chamber wall to all containers can be approximately
calculated from the following equation.

Qr=AexKrx(Tw-Tb)

where Kr is an equivalent heat transfer coeflicient provided
by the radiant heat input and can be approximated at 0.7
W/m* C. in a test machine and at 0.2 W/m* C. in a
production machine.

From the relationship between the amount of heat input
and the latent heat of sublimation, the following equation is
established.

OmxAHs=3.6x [AexKx(Th-Th)+AexKrx(Tw-Tb)]
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where AHs the latent heat of sublimation and equal to 2850
KJ/Kg.

The average bottom part temperature of the to-be-dried
material can be calculated from the following equation.

Th=[KxTh+Krx Tw—(QOmxAHs)/(3.6x4e)]/(K+Kr)

Consequently, when the sublimation rate Qm is measured
during the primary drying period and the period of transition
from primary drying to secondary drying, the above calcu-
lation equations make it possible to calculate the average
bottom part temperature Tb of the whole to-be-dried mate-
rial.
<Method of Calculating the Sublimation Rate Qm>

The sublimation rate Qm is calculated from the degree of
vacuum Pdc in the drying chamber and the degree of
vacuum Pct in the cold trap, which are respectively mea-
sured with a vacuum gauge b annexed to the drying chamber
DC of the freeze-drying device W1 and with a vacuum
gauge b annexed to the cold trap CT. Using this method
eliminates the necessity of providing an expensive measur-
ing instrument other than the vacuum gauge. Therefore, the
sublimation rate Qm can be calculated easily at a low cost.

The method of calculating the sublimation rate Qm in
accordance with the first embodiment will now be described.

As described earlier, the water vapor sublimated from the
sublimation interface of the to-be-dried material flows from
the drying chamber DC to the cold trap CT through the main
pipe a and is condensed and trapped by the trap coil Ct.
When flow path opening vacuum control is exercised, Pct/
Pdc<0.53. Hence, the flow of water vapor in the main pipe
a is a jet flow. Therefore, when the main pipe resistance is
R, the rate Qm of sublimation from the to-be-dried material
can be calculated from the following equation.

Om=3.6xPdc/R

If, in the above instance, the rate of sublimation from the
to-be-dried material, the degree of vacuum in the drying
chamber, and the main pipe resistance before the degree of
vacuum Pdc in the drying chamber DC is changed in the
increasing direction are Qm1, Pdcl, and R(81), respectively,
and if the rate of sublimation from the to-be-dried material,
the degree of vacuum in the drying chamber, and the main
pipe resistance after the degree of vacuum Pdc in the drying
chamber DC is changed in the increasing direction are Qm2,
Pdc2, and R(62), respectively, the following equations are
obtained.

Om1=3.6xPdc1/R(61)

Om2=3.6xPdc2/R(62)

The main pipe resistance R is determined by measuring or
calculating the amount of sublimation from the to-be-dried
material that occurs under water load. When the main pipe
resistance R is determined, the sublimation rate Qm can be
determined from measured data about the degree of vacuum
Pdc in the drying chamber and the degree of vacuum Pct in
the cold trap.

More specifically, when the freeze-drying device W1
shown in FIG. 4 is activated with the to-be-dried material
introduced into the drying chamber DC to perform a drying
process with the shelf temperature set at Th and with the
degree of vacuum Pdc in the drying chamber DC set to a
control value with the opening adjustment device C, the
opening adjustment device C is rotated to increase the
degree of vacuum in the drying chamber DC at fixed time
intervals (at intervals of 0.5 or 1 hour) during the primary
drying period of the to-be-dried material. The opening angle
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0 of the opening adjustment device C, the degree of vacuum
Pdc in the drying chamber DC, and the degree of vacuum Pct
in the cold trap CT are recorded with the recorder e before
and after the rotation of the opening adjustment device C.
The recorded measured data is acquired by the sequencer
(PLC). The following steps are then performed in accor-
dance with the calculation program stored in the sequencer
(PLC) to calculate the average sublimation interface tem-
perature Ts, the average bottom part temperature Tb, and the
sublimation rate Qm of the whole to-be-dried material.

(1) The pressure difference AP between the degrees of
vacuum Pdc1, Pdc2 in the drying chamber and between the
degrees of vacuum Pctl, Pct2 in the cold trap that are
determined before or after the degree of vacuum in the
drying chamber DC is changed in the increasing direction is
calculated.

(2) The main pipe resistance R1, R2 before and after the
degree of vacuum in the drying chamber DC is changed in
the increasing direction is calculated from the relationship
between the main pipe resistance R(0) measured under water
load and the opening angle 6 of the opening adjustment
device C.

(3) When Pct/Pdc<0.53, that is, when the flow of water
vapor in the main pipe a is a jet flow, the equations
Qm1=3.6xPdc1/R1, Qm2=3.6xPdc2/R2, and C=Qm1/Qm2
are calculated.

(4) In accordance with the results of the above calcula-
tions, the sublimation interface pressure Ps=[Cx(Pdc2+
APs)-Pdcl1]/(C-1) is calculated. APs is a decrease in the
sublimation interface pressure due to a decrease in the
sublimation interface temperature that occurs when the
opening adjustment device C is opened. Lips is determined,
as explained earlier, when the sublimation interface tem-
perature decrease ATs caused by opening the opening adjust-
ment device C is substituted into the equation APs/
Ps=6144.96xATs/Ts?, which is obtained by differentiating
the Clausius-Clapeyron equation [.nPs=28.91-6144.96/Ts.

(5) A constant of ice is substituted into the Clausius-
Clapeyron equation to calculate the sublimation interface
temperature Ts=6144.96/(28.911-L.nPs)-273.15.

(6) The sublimation rate Qm (Kg/hr)=3.6xPdc1/R1 is
calculated.

(7) The bottom part temperature Th=[KxTh+KrxTw-
(QmxAHs)/(3.6xAe)]/(K+Kr) is calculated.

In the freeze-drying device W1 of the flow path opening
vacuum control type, the main pipe resistance R(0) of water
vapor flowing through the opening adjustment device C and
the main pipe a for providing communication between the
drying chamber DC and the cold trap CT is expressed by the
equation R(6)=(Pdc-Pct)/Qm. Further, the flow of water
vapor is a jet flow when Pct/Pdc<0.53. Therefore, the main
pipe resistance R(B) can be calculated by the equation
R(0)=Pdc/Qm. The method of calculation is described
below.

(1) From the pressure drop viscous flow calculation
equation Pdc-P1=Crxpxu®/2, the resistance R1(0) at the
inlet of the main pipe a and in the main valve MV and main
pipe a can be calculated by the equations Pdc-P1=R1(0)x
Qm and R1(0)=CrxRxT/(2xPdcxMxA0*)xQm.

(2) As regards the resistance R2(0) of the opening adjust-
ment device C, a jet flow results when the pressure ratio
Pct/P1 across the opening adjustment device C is 0.53 or
less. Therefore, the calculation equation for the jet flow is
Qm=pxA'xu'.
where u' is local sound velocity and equal to (KxRxT/M)"2,
and A' is a contraction area and equal to 0.6 to 0.7xA.
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Thus, if R2(0)=(RxT/(KxM))""%A', the calculation equation
for the jet flow can be rewritten as Qm=P1xA"'x[KxM/(Rx
T*=P1/R2(6).
(3) Meanwhile, the main pipe resistance R(0) is expressed
by the following equation.

R(0) = R1(6) + R2(0)

12

=[[CO + (R2©)/2)*]"" + R28) /2

where CO=CrxRxT/(2xPdcxMxA0*)=3408.65, and
R2(e)=2223.7/A.

If D is the inside diameter of the main pipe a, d1 is the
diameter of the opening adjustment device C, and t is the
thickness of the opening adjustment device C, the cross-
sectional area A(cm?) of the opening adjustment device C is
calculated by the equation A=0.01x(mtxD*/4-d1xtxcos 8-nx
d1%/4xsin 0).

Calculation results obtained in the above case are shown
in Table 1 below.

TABLE 1
Results of calculation of main pipe resistance R(0
Cross-sectional Opening Main pipe
Angle area resistance resistance
0 A (cm?) R2 (kPa - s/kg) R(0) (kPa - s/kg)
0 176.90 25.14 72.29
27.6 95.55 46.55 86.13
41.7 60.50 73.51 105.74
514 40.51 109.79 135.03
56.5 31.58 140.82 161.88
64.6 19.87 223.82 238.13
68 15.90 279.65 291.35
71.9 12.07 368.41 377.44
74.4 10.03 443.53 451.09
77 8.25 539.25 5455
90 4.74 937.51 941.13

<Derivation of a Relational Expression Between the Open-
ing Angle 0 of the Opening Adjustment Device C and the
Main Pipe Resistance R(0)>

Before the sublimation interface temperature Ts and the
sublimation rate Qm are to be calculated, the sublimation
rate Qm (Kg/hr), the degree of vacuum Pdc in the drying
chamber, and the degree of vacuum Pct in the cold trap are
measured under water load to obtain the relational expres-
sion between the opening angle 6 of the opening adjustment
device C and the main pipe resistance R(8). The method is
to mount a product temperature sensor on the bottom part of
a tray, pour water into the tray, freeze to a temperature of
-40° C., set the shelf temperature during the primary drying
period, exercise control to sequentially change the degree of
vacuum in the drying chamber from 26.7 Pa to 6.7 Pa,
measure the shelf temperature Th and the bottom part
temperature Tb, record the pressure Pdc in the chamber and
the CT pressure Pct by using an absolute vacuum gauge, and
also measure the opening angle 6 of the opening adjustment
device C at each vacuum control value.

The sublimation rate resistance Qm (Kg/hr) can be deter-
mined by two different methods. One method is to determine
the amount of sublimation from the difference between the
weight of the to-be-dried material before sublimation and
the weight of the to-be-dried material after sublimation. The
other method is to make an analysis in accordance with a
calculated amount of heat input. When the analysis is to be
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made, the method calculates the coefficient o of heat transfer
from the shelf to the tray bottom part in accordance with the
degree of vacuum Pdc in the drying chamber DC, calculates
the amount of heat flow to the tray bottom part by using the
equation Q=Alxax(Th-Tb), and determines the sublima-
tion rate Qm from the equation Qm=Q/2850 as the latent
heat of sublimation of ice is 2850 KJ/Kg. This makes it
possible to obtain the relational expression between the
opening angle 0 of the opening adjustment device C and the
main pipe resistance R(0).

Subsequently, as far as the opening angle 0 of the opening
adjustment device C, the degree of vacuum Pdc in the drying
chamber DC, and the degree of vacuum Pct in the cold trap
CT are measured and recorded when the to-be-dried material
is freeze-dried in accordance with a freeze-drying program,
the average sublimation interface temperature Ts, the aver-
age bottom part temperature Tb, and the sublimation rate
Qm during the whole primary drying period can be moni-
tored from the above-mentioned relational expression
between the opening angle 6 of the opening adjustment
device C and the main pipe resistance R(6), which is derived
from a water load measurement, without measuring the
product temperature of each container.

First Embodiment

The calculation method and calculation device for the
sublimation interface temperature Ts and the sublimation
rate Qm of the to-be-dried material that are applied to the
freeze-drying device of the flow path opening vacuum
control type in accordance with the first embodiment will
now be described in further detail.
<Derivation of the Relational Expression Between the
Opening Angle of the Opening Adjustment Device and the
Main Pipe Resistance>

First of all, a water load test was conducted to obtain the
relational expression between the opening angle 0 of the
opening adjustment device C and the main pipe resistance
R(0). A tray filled with water was introduced into the drying
chamber DC of the freeze-drying device W1, and a prede-
termined drying process was started under the control of the
control device CR. The water in the tray was frozen to a
temperature of —45° C. The shelf temperature Th was set to
-20° C. during the primary drying period. Control was
exercised to set the degree of vacuum Pdc in the drying
chamber DC to 4 Pa, 6.7 Pa, 10 Pa, 13.3 Pa, 20 Pa, 30 Pa,
40 Pa, and 60 Pa in sequence. Each degree of vacuum was
maintained for three hours. The water load test was con-
ducted on a total of eight cases. In the water load test on each
of the eight cases, the opening angle 6 of the opening
adjustment device C, the shelf temperature Th, the ice
temperature Tb of the tray bottom part, the degree of vacuum
Pdc in the drying chamber DC, and the degree of vacuum Pct
in the cold trap CT were measured and recorded.

The sublimation rate Qm (Kg/h) of ice was determined by
measuring the amount of sublimation and performing cal-
culations on the amount of heat input to obtain the relational
expression between the opening angle 6 of the opening
adjustment device C and the main pipe resistance R(0).
Table 2 and FIG. 5 show the relationship between the
opening angle 0 of the opening adjustment device C and the
calculated main pipe resistance R(6) and the relationship
between the opening angle 6 of the opening adjustment
device C and the measured main pipe resistance R(0).
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TABLE 2

Comparison between calculated value and measured value of
main pipe resistance R(6)

Angle Main pipe resistance R(6)
0 Calculated value Measured value
0 72.29 72.57
27.6 86.13 85.75
41.7 105.74 106.19
51.4 135.03 128.68
56.5 161.88 171.92
64.6 238.13 238.65
68 291.35 290.01
74.4 451.09 451.55

Next, an equation for calculating the main pipe resistance
R(0) and an equation for calculating the cross-sectional area
A (cm?) of the opening adjustment device C were deter-
mined as follows from FIG. 5.

R(0)=[3408.65+(2223.7/4)%]2+2223.7/4

A=0.01x(mxD?/4-d1xtxcos O-mxd1%/4xsin 0)

where D is the inside diameter of the main pipe a, d1 is the
diameter of the opening adjustment device C, and t is the
thickness of the opening adjustment device C.

When the water load test is conducted by performing the
above procedure, the relational expression between the
opening angle 6 of the opening adjustment device C, the
main pipe resistance R(8), and the sublimation rate Qm is
obtained.
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<Calculation of the Average Sublimation Interface Tempera-
ture Ts, the Product Temperature Tb, and the Sublimation
Rate Qm>

Next, a freeze-drying test was conducted with an actual
load to calculate the average sublimation interface tempera-
ture of the whole to-be-dried material. Mannitol (molecular
formula: C;H,,Of) was used as the to-be-dried material. A
total of 660 vials into which a 10% water solution of
mannitol was dispensed were introduced into the drying
chamber DC of the freeze-drying device W1. A predeter-
mined drying process was started under the control of the
control device CR. In order to verify the adequacy of the
calculation device and calculation method according to the
present invention, a product temperature sensor was inserted
into three vials placed at the center of the shelf to measure
the product temperature of the to-be-dried material (manni-
tol) dispensed into the vials. The solution was frozen for 3
hours at —-45° C. The shelf temperature Th was set to —10°
C. during the primary drying period. Further, the opening
angle 0 of the opening adjustment device C was adjusted so
that the to-be-dried material was freeze-dried while the
degree of vacuum Pdc in the drying chamber DC was 13.3
Pa. During the primary drying period, the opening angle 6
of the opening adjustment device C was turned in the
opening direction for 120 seconds at 30-minute intervals.
The degrees of vacuum Pdcl, Pdc2 in the drying chamber
DC, the opening angles 61, 62 of the opening adjustment
device C, the cross-sectional areas Al, A2 of the main pipe,
the main pipe resistances R1, R2, and the sublimation rates
Qm1, Qm2, which prevailed before or after the change in the
opening angle 0, as well as the ratio C between the subli-
mation rates Qm1, Qm?2, the sublimation interface pressure
Ps, the sublimation interface temperature Ts, and the actual
product temperature Tm were measured or calculated and
recorded. Table 3 shows the measurement/calculation
results.

TABLE 3

Results of measurements of average sublimation interface temperature Ts during flow path

opening vacuum control

(2010.11.09-10 Mannitol 10% 3 mL/Vial Th = -10° C. P = 13.3 Pa)

Main pipe

Drying chamber Cross-sectional resistance

Time Vacuum(Pa) Angle area(cm?) (KPas/Kg)

(hr) P1(0s) P2(120s) 01(0s) 02(120s) Al(0s) A2(120s) RI1(0s) R2(120s)

05 1342 7.87 70.794  57.195 13.08 30.46 349.78  166.50
1 13.31 7.53 70.794  57.195 13.08 30.46 349.78  166.50
1.5 13.26 7.26 71.37 57.78 12.55 29.53 363.84  170.61
2 13.26 7.14 71.91 58.266 12.06 28.76 377.71 174.18
2.5 1332 7.03 72.396  58.806 11.64 27.93 390.79 17834
3 13.26 6.86 727783 59.193 11.31 27.34 401.62  181.44
35 1332 6.70 73.224  59.589 10.95 26.75 414.43 184.72
4 13.38 6.70 73.611 59.976 10.64 26.17 426.09  188.04
45 13.38 6.63 73.908  60.318 10.40 25.67 43530 191.07
5 13.32 6.52 74.349  60.705 10.07 25.11 449.42  194.62
55 1326 6.47 74.637  61.002 9.85 24.69 458.92 19742
6 13.38 6.42 74.934  61.29 9.63 24.28 468.96  200.21
6.5 1332 6.30 75177 61.632 9.46 23.80 47736 203.62
7 13.38 6.30 75519  61.875 9.22 23.46 489.45  206.11
7.5 1338 6.24 757708  62.118 9.09 23.13 496.27  208.65
8 13.38 6.24 76.005  62.415 8.89 22.72 507.19  211.84
85 13.38 6.19 76.194  62.604 8.76 2246 51426 21391
9 13.38 6.14 76.392  62.802 8.63 22.20 521.78  216.12
9.5 1338 6.07 76.68 63.09 8.45 21.81 532.89 21941
10 13.32 6.02 76.878  63.288 8.32 21.55 540.67  221.72
105 13.32 5.96 77.121 63.468 8.17 21.32 550.35  223.85
11 13.32 5.96 77.364  63.774 8.03 20.92 560.18 22757
11.5 1332 5.91 77.607  63.972 7.88 20.67 570.16  230.03
12 13.32 5.84 77.805  64.161 7.71 20.42 57840 23242
125 13.38 5.84 78.093  64.503 7.61 19.99 590.55  236.86
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TABLE 3-continued

18

Results of measurements of average sublimation interface temperature Ts during flow path

opening vacuum control

(2010.11.09-10 Mannitol 10% 3 mL/Vial Th = -10° C. P = 13.3 Pa)

Sublimation Sublimation = Measured
Sublimation Interface Interface Product
Time load(Kg/hr) c pressure Temperature temperature
(hr) Qml(0s) Qm2(120s) Qml/Qm2 Ps(Pa) Ts(° C.) Tm(° C.)
0.5 0.138 0.170 0.81 29.15 -32.5 -30.1
1 0.137 0.163 0.84 34.02 -31.1 -28.6
1.5 0.131 0.153 0.86 37.75 -30.1 =277
2 0.126 0.147 0.86 38.47 -29.9 -26.9
2.5 0.123 0.142 0.86 41.44 -29.2 -26.3
3 0.119 0.136 0.87 44.32 -28.5 =257
35 0.116 0.131 0.89 50.34 -27.3 -25.3
4 0.113 0.128 0.88 48.94 -27.6 -24.8
4.5 0.111 0.125 0.89 50.90 -27.2 -24.4
5 0.107 0.121 0.88 50.82 -27.2 -24
5.5 0.104 0.118 0.88 49.58 -27.4 -23.7
6 0.103 0.115 0.89 54.31 -26.5 -23.4
6.5 0.100 0.111 0.90 60.81 -25.4 -23.1
7 0.099 0.110 0.89 57.33 -26 -22.9
7.5 0.098 0.108 0.90 60.90 -25.4 -22.6
8 0.095 0.106 0.89 57.92 -25.9 -22.4
8.5 0.094 0.104 0.90 60.37 -25.5 -22.2
9 0.092 0.102 0.90 63.01 =25 -22.1
9.5 0.090 0.100 0.91 66.31 -24.5 -21.8
10 0.089 0.098 0.91 66.73 -24.5 -21.7
10.5 0.087 0.096 0.91 67.70 -24.3 -21.5
11 0.086 0.094 0.91 66.97 -24.4 -21.4
1.5 0.084 0.092 0.91 68.74 -24.2 -21.3
12 0.083 0.091 0.92 74.34 -23.4 -21.1
12.5 0.082 0.089 0.92 76.56 -23.1 -21

As is obvious from Table 3, the following findings were
obtained.

(1) When 1 hour elapsed from the start of drying, the
opening angle 6 of the opening adjustment device C was
rotated in the opening direction for 120 seconds to change
the angle 6 from 70.794° to 57.195° and change the degree
of vacuum Pdc in the drying chamber DC from 13.31 Pa to
7.53 Pa. The calculated sublimation interface temperature Ts
was -31.1° C. The measured product temperature Tb was
-28.6° C. The sublimation rate Qm was 0.137 Kg/hr.

(2) When 1 hour and 30 minutes elapsed from the start of
drying, the opening angle 6 of the opening adjustment
device C was changed from 71.37° to 57.78° and the degree
of vacuum Pdc in the drying chamber DC was changed from
13.26 Pa to 7.26 Pa. The calculated sublimation interface
temperature Ts was -30.1° C. The measured product tem-
perature Tb was -27.7° C. The sublimation rate Qm was
0.131 Kg/hr.

(3) When 5 hours elapsed from the start of drying, the
opening angle 6 of the opening adjustment device C was
changed from 74.349° to 60.705° and the degree of vacuum
Pdc in the drying chamber DC was changed from 13.32 Pa
to 6.52 Pa. The calculated sublimation interface temperature
Ts was -27.2° C. The measured product temperature Tb was
-24.0° C. The sublimation rate Qm was 0.107 Kg/hr.

(4) When 10 hours elapsed from the start of drying, the
opening angle 6 of the opening adjustment device C was
changed from 76.878° to 63.288° and the degree of vacuum
Pdc in the drying chamber DC was changed from 13.32 Pa
to 6.02 Pa. The calculated sublimation interface temperature
Ts was -24.5° C. The measured product temperature Tb was
-21.7° C. The sublimation rate Qm was 0.089 Kg/hr.

The calculated sublimation interface temperature Ts was
about 2.1 to 3.5° C. lower than the measured product
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temperature. This temperature difference is equivalent to the
temperature difference between the sublimation interface
temperature Ts and a container bottom part temperature Th.

As described above, the calculation method and calcula-
tion device according to the present embodiment rotates the
opening angle 6 of the opening adjustment device C in the
opening direction at fixed time intervals during the primary
drying period with respect to a vacuum control value in
order to change the degree of vacuum in the drying chamber
DC in the increasing direction. Hence, it is demonstrated
that the average sublimation interface temperature of the
whole to-be-dried material, the average bottom part tem-
perature, and the sublimation rate can be calculated by
measuring the opening angle 6 of the opening adjustment
device C, the degree of vacuum Pdc in the drying chamber
DC, and the degree of vacuum Pct in the cold trap CT before
and after the change in the degree of vacuum. Therefore, the
end point of primary drying can be monitored more accu-
rately and safely than when the product temperature of the
to-be-dried material introduced into the drying chamber DC
is directly measured with a temperature sensor. Further, the
product temperature (measured value) decreases by approxi-
mately 0.5° C. during a period during which the opening
adjustment device C is rotated in the opening direction. In
marked contrast to the conventional MTM method, the
present embodiment does not raise the sublimation interface
temperature of the to-be-dried material by degrading the
degree of vacuum in the drying chamber when the sublima-
tion interface temperature Ts is calculated. Hence, it is
demonstrated that the risk of collapsing the to-be-dried
material can be completely avoided.

Second Embodiment

The calculation method and calculation device according
to a second embodiment are applied to a freeze-drying
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device of a leak vacuum control type that includes a leak
valve for adjusting the degree of vacuum in the drying
chamber. The leak valve is disposed in the drying chamber.

More specifically, as shown in FIG. 6, a vacuum-drying
device W2 according to the second embodiment mainly
includes a drying chamber DC into which a to-be-dried
material is introduced, a cold trap CT for condensing and
trapping water vapor generated from the to-be-dried material
introduced into the drying chamber DC by using a trap coil
Ct, a main pipe a for providing communication between the
drying chamber DC and the cold trap CT, a main valve MV
for opening and closing the main pipe a, a vacuum control
circuit f with a leak control valve LV connected to the drying
chamber DC, a suction valve V annexed to the cold trap CT,
a vacuum pump P connected to the suction valve V, a
vacuum gauge b for detecting an absolute pressure in the
drying chamber DC and an absolute pressure in the cold trap
CT, and a control device CR for automatically controlling
the operations of the above-mentioned elements. In the
present embodiment, a control panel having a sequencer
PLC and a recorder e is used as the control device CR. The
sequencer PLC stores in advance a required calculation
program and a relational expression that describes the rela-
tionship between the sublimation rate Qm under water load
in a state where the main valve MV is fully open and the
coeflicient Cr of water vapor flow resistance in the main pipe
a. In the other respects, the freeze-drying device W2 accord-
ing to the present embodiment is the same as the freeze-
drying device W1 according to the first embodiment. There-
fore, like elements are designated by the same reference
signs and will not be redundantly described.

When an average sublimation interface temperature Ts,
average bottom part temperature Tb, and sublimation rate
Qm of the to-be-dried material introduced into the drying
chamber DC during a primary drying period are to be
calculated, the control device CR closes the leak control
valve LV at least once and keeps it closed for several tens of
seconds during the primary drying period as shown in FIG.
7 in order to change the degree of vacuum Pdc in the drying
chamber DC in an increasing direction during each opera-
tion, records, with the recorder e, measured data about the
degree of vacuum Pdc in the drying chamber DC and the
degree of vacuum Pct in the cold trap CT before and after the
leak control valve LV is closed, allows the sequencer (PLC)
to acquire the measured data, and calculates the average
sublimation interface temperature Ts, the average bottom
part temperature Tb, and the sublimation rate Qm of the
whole to-be-dried material.
<Method of Calculating the Average Sublimation Interface
Temperature Ts and the Average Bottom Part Temperature
Tb>

The method of calculating the average sublimation inter-
face temperature Ts and the average bottom part temperature
Tb is the same as described in conjunction with the first
embodiment and will not be redundantly described.
<Method of Calculating the Sublimation Rate Qm>

As is the case with the method of calculating the subli-
mation rate Qm in accordance with the first embodiment, the
method of calculating the sublimation rate Qm in accor-
dance with the second embodiment calculates the sublima-
tion rate Qm from the degree of vacuum Pdc in the drying
chamber DC of the freeze-drying device W2 and the degree
of vacuum Pct in the cold trap, which are respectively
measured with a vacuum gauge b annexed to the drying
chamber DC and with a vacuum gauge b annexed to the cold
trap CT. Using this method eliminates the necessity of
providing an expensive measuring instrument other than the
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vacuum gauge. Therefore, the sublimation rate Qm can be
calculated easily at a low cost.

The method of calculating the sublimation rate Qm in
accordance with the second embodiment will now be
described.

As described earlier, the water vapor sublimated from the
sublimation interface of the to-be-dried material flows from
the drying chamber DC to the cold trap CT through the main
pipe a and is condensed and trapped by the trap coil Ct.
When leak vacuum control is exercised, the flow of water
vapor in the main pipe a is a viscous flow. Therefore, the rate
Qm of sublimation from the to-be-dried material can be
calculated from the following equation.

Om=3.6x(Pdc—Pct)/R=3.6xAP/R

where Pdc is the degree of vacuum in the drying chamber
DC (drying chamber’s degree of vacuum), Pct is the degree
of vacuum in the cold trap CT (cold trap’s degree of
vacuum), AP is the pressure difference between the drying
chamber’s degree of vacuum Pdc and the cold trap’s degree
of vacuum Pct, and R is the main pipe resistance.

The pressure difference AP is expressed as follows from
an equation for calculating the pipe line pressure drop of a
viscous flow.

AP=Cr/2xpxir® =Cr/2xpx [Om/(3600xAxp)]>

where Cr is a water vapor flow resistance coefficient of a
main pipe flow path, p is a value expressed by the equation
of state for perfect gas p=PxM/(RxT) (where P is the
pressure of gas, M is the molecular weight of gas, R is the
constant of gas, and T is the temperature of gas), and A is the
flow path area of the main pipe a.

When the equation of state for perfect gas p=PxM/(RxT),
the molecular weight of gas M=18, the constant of gas
R=8314, the temperature of gas T=288, and AP=Pdc-Pct are
substituted into the above AP equation and the resulting
equation is converted to the equation of sublimation rate
Qm, the following equation is obtained.

Om=Ax[(Pdc®-Pct?)/(8314x288/(18x36002)xCr)] V2

Thus, if the sublimation rate of the to-be-dried material is
Qm1 before the leak control valve LV is closed to change the
degree of vacuum in the drying chamber DC in the increas-
ing direction, Qm1 is expressed by the following equation.

Oml =Ax[(Pdc12-Pct12)/(0.0103xCr)] Y2

Further, if the sublimation rate of the to-be-dried material
is Qm?2 after the leak control valve LV is closed to change
the degree of vacuum in the drying chamber DC in the
increasing direction, Qm2 is expressed by the following
equation.

Om2=Ax[(Pdc2?~Pct2?)/(0.0103xCr)]2

<Derivation of the Relational Expression Between the Sub-
limation Rate Qm and the Water Vapor Flow Resistance
Coeflicient Cr of the Main Pipe Flow Path>

The water vapor flow resistance coefficient Cr of the main
pipe flow path can be determined by two different methods.
One method is to measure the actual amount of sublimation
under water load. The other method is to perform calcula-
tions.

When the method of calculation is used, the water vapor
flow resistance coefficient Cr of the main pipe flow path can
be determined from the aforementioned equation Qm=Ax
[(Pdc?-Pct?)/(8314x288/(18x36002)xCr)]“? because the
flow path area A of the main pipe a is already known. When
the water vapor flow resistance coefficient Cr of the main
pipe flow path is determined, the sublimation rate Qm can be
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calculated by measuring the drying chamber’s degree of
vacuum Pdc and the cold trap’s degree of vacuum Pct. To
measure the drying chamber’s degree of vacuum Pdc and the
cold trap’s degree of vacuum Pct, it is necessary that a
high-precision vacuum gauge b be installed.

In other words, when the sublimation rate Qm is low, the
pressure difference AP=Pdc—Pct between the drying cham-
ber’s degree of vacuum Pdc and the cold trap’s degree of
vacuum Pct is small. Hence, if the accuracy of the vacuum
gauge b is not adequately high, Pdc may be lower than Pct.
In some cases, therefore, the sublimation rate may not be
calculated due to a situation where AP<0 and the sublima-
tion rate Qm<O0.

To avoid the above problem, it is preferred that a differ-
ential vacuum gauge be installed instead of the vacuum
gauge b between the drying chamber DC and the cold trap
CT to directly measure the pressure difference AP between
the drying chamber’s degree of vacuum Pdc and the cold
trap’s degree of vacuum Pct.

More specifically, when the freeze-drying device W2
shown in FIG. 6 is activated with the to-be-dried material
introduced into the drying chamber DC to perform a drying
process with the shelf temperature set at Th and with the
degree of vacuum Pdc in the drying chamber set to a control
value by opening or closing the leak control valve LV, the
leak control valve LV is automatically closed for several tens
of seconds at fixed time intervals (at intervals of 0.5 or 1
hour) during the primary drying period of the to-be-dried
material. When the leak control valve LV is closed, the
degree of vacuum Pdc in the drying chamber DC and the
degree of vacuum Pct in the cold trap CT both change in the
increasing direction. Therefore, the degree of vacuum Pdc in
the drying chamber DC and the cold trap’s degree of vacuum
Pct are recorded before and after the leak control valve LV
is closed. The recorded measured data is acquired by the
sequencer (PLC). The following steps are then performed in
accordance with the calculation program stored in the
sequencer (PLC) to calculate the average sublimation inter-
face temperature Ts, the average bottom part temperature
Tb, and the sublimation rate Qm of the whole to-be-dried
material.

(1) The average degree of vacuum Pdcl in the drying
chamber DC and the average degree of vacuum Pctl in the
cold trap CT for a period of first 3 seconds after the leak
control valve LV is closed are calculated. Further, the
average degree of vacuum Pdc2 in the drying chamber DC
and the average degree of vacuum Pct2 in the cold trap CT
for a period of 3 seconds after the leak control valve LV has
been closed for 10 seconds are calculated.

(2) In accordance with the relational expression between
the water vapor flow resistance coefficient Cr of the main
pipe a, which is measured under water load, and the subli-
mation rate Qm, the sequencer (PLC) acquires the value of
the water vapor flow resistance coeflicient Cr and the
cross-sectional area A of the main pipe flow path before and
after the leak control valve LV is opened/closed.

(3) In accordance with the equation for calculating the
pipe line pressure drop of a viscous flow AP=Cr/2xpxu*=Cr/
2xpx[Qm/(3600xAxx)]?, the sublimation rate Qm1 prevail-
ing before the closing of the leak control valve LV, the
sublimation rate Qm2 prevailing after the closing of the leak
control valve LV, and the ratio between the above two values
are calculated from the following equations.

Oml=Ax[(Pdc1?-Pct12)/(0.0103xCr)] 2
Om2=dAx[(Pdc2?-Pct2%)/(0.0103xCr)]H2

C=0m1/Qm2
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(4) Next, in accordance with the results of the above
calculations, the sublimation interface pressure Ps of the
to-be-dried material is calculated from the following equa-
tion.

Ps=[Cx(Pdc2+APs)-Pdcl]/(C-1)

where APs is a decrease in the sublimation interface pressure
that is caused when the sublimation interface temperature
decreases while the leak control valve LV is closed, and is
determined when the sublimation interface temperature
decrease ATs caused by closing the leak control valve LV is
substituted into the equation APs/Ps=6144.96xATs/Ts?,
which is obtained when the Clausius-Clapeyron equation
LnPs=28.91-6144.96/Ts is differentiated. It should be noted
that the sublimation interface temperature decrease ATs
caused by closing the leak control valve LV for 10 seconds
is small.

(5) A constant of ice is substituted into the Clausius-
Clapeyron equation to determine the sublimation interface
temperature Ts=6144.96/(28.911-L.nPs)-273.15.

(6) The sublimation rate Qm=Ax[(Pdcl1*-Pctl?)/
(0.0103xCr)]*? is calculated.

(7) The bottom part temperature Th=[KxTh+KrxTw-
(QmxAHs)/(3.6xAe)]/(K+Kr) is calculated.

Next, the flow resistance coefficient Cr of the water vapor
flowing through the main pipe a, which communicates the
drying chamber DC to the cold trap CT, is determined. The
flow resistance coefficient Cr of the water vapor is the sum
of water vapor flow resistance coeflicients of various sec-
tions between the inlet and outlet of the main pipe a. In the
current test example, the main pipe a was divided into five
sections, namely, a main pipe inlet, a main pipe outlet, an
elbow portion, a location where the main valve MV is
installed, and a section having a fully developed flow and
excluding an inlet section of the main pipe a (an entrance
region of the flow of water vapor). Further, the flow resis-
tance coefficient Cr1 of the main pipe inlet was 0.5, the flow
resistance coefficient Cr2 of the main pipe outlet was 0.5, the
flow resistance coeflicient Cr3 of the elbow portion was 1.2,
and the flow resistance coefficient Cr4 of the location where
the main valve MV is installed was 1.7.

The flow resistance coefficient Cr3 of the elbow portion is
determined from the equation 1.13xn (90°xn places). As
shown in FIG. 8, the freeze-drying device used in the current
test example includes the leak valve LV, which is disposed
in the drying chamber to adjust the degree of vacuum in the
drying chamber DC, in addition to the opening adjustment
device C, which is disposed in the main pipe a for connect-
ing the drying chamber DC to the cold trap CT. Therefore,
Cr3=1.2 as it represents a flow resistance corresponding to
the elbow.

The flow resistance coefficient Cr5 of the section having
a fully developed flow and excluding the inlet section of the
main pipe a (the entrance region of the flow of water vapor)
is determined from the equation Cr5=AxL/D+E (where
£=2.7, L is the length of the main pipe, D is the inside
diameter of the main pipe, and A is a friction coefficient).
The friction coeflicient A is determined from the equation
A=64/Re (where Re is the Reynolds number). The Reynolds
number Re is determined from the equation Re=uxD/v=40x
Qm/D (where Qm is the sublimation rate and D is the inside
diameter of the main pipe a).

In the test machine used in the current example, Cr=6.6+
1.6x0.7/0.17=13.19 when [.=0.7 m and Qm=0.17 Kg/hr.

Meanwhile, when the relational expression between the
sublimation rate Qm and the water vapor flow resistance
coeflicient Cr of the main pipe flow path is to be determined
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by making measurements, the procedure to be followed
includes mounting a product temperature sensor on the
bottom part of a tray, pouring water into the tray, freezing to
a temperature of -40° C., setting the shelf temperature
during the primary drying period, exercising control to
sequentially change the degree of vacuum in the drying
chamber from 26.7 Pa to 6.7 Pa, measuring the shelf
temperature Th and the bottom part temperature Tb, and
recording the degree of vacuum Pdc in the drying chamber
DC and the degree of vacuum Pct in the cold trap CT by
using an absolute vacuum gauge.

The sublimation rate Qm (Kg/hr) can be determined by
two different methods. One method is to determine the
amount of sublimation from the difference between the
weight of the to-be-dried material before sublimation and
the weight of the to-be-dried material after sublimation. The
other method is to make an analysis in accordance with a
calculated amount of heat input. When the analysis is to be
made, the method calculates the coefficient o of heat transfer
from the shelf to the tray bottom part in accordance with the
degree of vacuum Pdc in the drying chamber DC, calculates
the amount of heat flow to the tray bottom part by using the
equation Q=Alxax(Th-Tb), and determines the sublima-
tion rate Qm from the equation Qm=Q/2850 as the latent
heat of sublimation of ice is 2850 KJ/Kg. This makes it
possible to obtain the relational expression between the
water vapor flow resistance coeficient Cr of the main pipe
flow path and the sublimation rate Qm.

As far as the degree of vacuum Pdc in the drying chamber
and the degree of vacuum Pct in the CT are measured and
recorded when a freeze-drying program is actually set to
freeze-dry the to-be-dried material, the execution of leak
vacuum control according to the present embodiment makes
it possible to determine the flow rate of water vapor subli-
mated during the primary drying period and calculate the
sublimation rate by using the relational expression between
the sublimation rate Qm and the water vapor resistance
coeflicient Cr of the main pipe flow path, which is derived
from a water load measurement.

Second Embodiment

The calculation method and calculation device for the
sublimation interface temperature and the sublimation rate
of the to-be-dried material that are applied to the freeze-
drying device W2 of the leak vacuum control type will now
be described in further detail.
<Derivation of the Relational Expression Between the Water
Vapor Flow Resistance Coefficient Cr and the Sublimation
Rate Qm>

First of all, a water load test was conducted to obtain the
relational expression between the water vapor flow resis-
tance coeflicient Cr of the main pipe flow path and the
sublimation rate Qm. In the water load test, a tray filled with
water was introduced into the drying chamber DC, and the
freeze-drying device W2 was operated under the control of
the control device CR to perform a predetermined drying
process. In the present embodiment, when the primary
drying process was performed after the water in the tray was
frozen to a temperature of -45° C., the shelf temperature Th
was set to —20° C., the degree of vacuum Pdc in the drying
chamber DC was set to 6.7 Pa, and the resulting state was
maintained for 3 hours. Further, control was exercised to set
the shelf temperature Th to -10° C. and set the degree of
vacuum Pdc in the drying chamber DC to 6.7 Pa, 13.3 Pa,
and 20 Pa in sequence. Each of the resulting states was
maintained for 3 hours. Furthermore, control was exercised
to set the shelf temperature Th to 5° C. and set the degree of
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vacuum Pdc in the drying chamber DC to 6.7 Pa and 13.3 Pa
in sequence. Each of the resulting states was maintained for
3 hours. Moreover, control was exercised to set the shelf
temperature Th to 20° C. and set the degree of vacuum Pdc
in the drying chamber DC to 6.7 Pa and 13.3 Pa in sequence.
Each of the resulting states was maintained for 3 hours.
When the water load test was conducted under the above-
described nine different sets of conditions, the shelf tem-
perature Th, the tray bottom part temperature Tb, the drying
chamber’s degree of vacuum Pdc, and the cold trap’s degree
of vacuum Pct were measured and recorded. In addition, the
sublimation rate Qm (Kg/h) of ice and the water vapor flow
resistance coefficient Cr of the main pipe flow path were
determined from the above measurement results. Table 4
shows the shelf temperature Th, the drying chamber’s
degree of vacuum Pdc, the cold trap’s degree of vacuum Pct,
the sublimation rate Qm, and the water vapor flow resistance
coeflicient Cr that were determined by the water load test.

TABLE 4

Relationship between sublimation load Qm (Kg/h) and water
vapor flow resistance coefficient Cr of main pipe flow path

‘Water vapor

Drying flow
Shelf chamber Sublimation resistance
temperature vacuum CT vacuum load coefficient
Th (° C) Pdc (Pa) Pct (Pa) Qm (kg/h) Cr
-20 7.03 6.24 0.144 15.19
-10 7.04 6.05 0.172 13.16
-10 13.55 12.97 0.197 11.99
-10 20.23 19.86 0.191 12.22
5 7.04 5.28 0.254 10.1
5 13.55 12.58 0.282 9.77
5 13.55 12.55 0.291 9.26
20 7.04 447 0.317 8.8
20 13.55 12.09 0.374 8.05

FIG. 9 is a graph that is prepared in accordance with the
data in Table 4 to illustrate the relationship between the
water vapor flow resistance coefficient Cr of the main pipe
flow path and the sublimation rate Qm. From this graph, the
following relational expression is obtained.

Cr=5.4+0.85/Qm"?>

In the present embodiment, the main pipe a is relatively
short so that the whole main pipe a is an inlet section (an
entrance region). Therefore, when compared to the equation
Cr=6.6+1.6xL/Qm for a section having a fully developed
flow of water vapor, the water vapor flow resistance coef-
ficient Cr is inversely proportional to the sublimation rate
le 25
<Calculation of the Average Sublimation Interface Tempera-
ture Ts and Sublimation Rate Qm of the to-be-Dried Mate-
rial>

Outside air was introduced into the freeze-drying device
W2 through a variable leak valve and leak control valve LV
included in the vacuum control circuit f to maintain the
degree of vacuum Pdc in the drying chamber DC at 13.3 Pa.
Subsequently, the leak control valve LV was closed for 40
seconds at 30-minute intervals. While the leak control valve
LV was closed, the drying chamber’s degree of vacuum Pdc
and the cold trap’s degree of vacuum Pct were measured and
recorded. The average sublimation interface temperature Ts
and sublimation rate Qm of the to-be-dried material were
then measured with calculation software stored in the
sequencer PLC. Table 5 shows the results of the measure-
ments.
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Results of measurements of average sublimation interface temperature Ts during leak control
(2010.11.18-19 Mannitol 10% 3 mI/Vial Th= -10° C. P = 13.3 Pa)

Sublimation interface

Drying Sublimation Temperature Ts =
Leak  chamber Sublimation Resistance interface Measured
valve vacuum  CT vacuum rate coefficient C pressure  Calculated Product
closed  Pdc(Pa) Pct(Pa) Qm(kg/hr) Cr Qm1/Qm?2 Ps(Pa) Ts temperature
12:15
0s 12.926 12.580 0.133 15.022 0.900 33.751 -31.1 -28.7
10's 10.604 10.106 0.148 14.177
12.43
0s 13.369 12.977 0.148 14.180 0.908 35.957 -30.5 -27.9
10's 11.066 10.515 0.163 13.478
13.18
0s 13.333 12.960 0.143 14.436 0.924 42.037 -29 -26.9
10's 10.955 10.440 0.155 13.837
13.48
0s 13.315 12.902 0.153 13.925 0.932 48.453 -27.7 -26.2
10's 10.769 10.195 0.164 13.430
14.21
0s 13.502 13.129 0.144 14.368 0.938 48.049 -27.7 -25.6
10's 11.218 10.720 0.154 13.886 3.559 48.049
14.52
0s 13.246 12.846 0.149 14.115 0.944 52.391 -26.9 -25.1
10's 10.920 10.386 0.158 13.693
15:20
0s 12.580 12.180 0.144 14.388 0.945 50.917 -27.2 -24.7
10's 10.353 9.820 0.152 13.961
15.46
0s 13.142 12.769 0.142 14.515 0.936 51.469 -27.1 -24.6
10's 10.511 9.991 0.151 14.006
16:20
0s 12.860 12.486 0.139 14.637 0.941 54.827 -26.4 -24.5
10's 10.209 9.689 0.148 14.159
16:48
0s 13.333 12.960 0.143 14.436 0.944 60.679 -25.4 -24.4
10's 10.529 10.009 0.151 13.998
17:24
0s 13.366 13.020 0.136 14.827 0.945 54.483 -26.5 -24.2
10's 10.973 10.511 0.144 14.374
17:51
0s 13.140 12.793 0.135 14.925 0.945 59.564 -25.6 -24.2
10's 10.413 9.933 0.142 14.463
(1) When 35 minutes elapsed from the start of drying, the For a period of first 3 seconds after the closure of the leak
leak control valve LV was closed for 40 seconds. For a control valve LV, the drying chamber’s average degree of
period of first 3 seconds after the closure of the leak control vacuum Pdc was 13.369 Pa and the cold trap’s average
valve LV, the drying chamber’s average degree of vacuum 5 degree of vacuum Pct was 12.977 Pa. Further, for a 3-second

Pdc was 12.926 Pa and the cold trap’s average degree of
vacuum Pct was 12.580 Pa. Further, for a 3-second period
after the instant at which 10 seconds elapsed from the
closure of the leak control valve LV, the drying chamber’s
average degree of vacuum Pdc was 10.604 Pa and the cold
trap’s average degree of vacuum Pct was 10.106 Pa. As a
result, the sublimation interface temperature Ts calculated
from the above measured data was =31.1° C., the sublima-
tion rate Qm changed from 0.133 Kg/hr to 0.148 Kg/hr, and
the measured product temperature Tb was -28.7° C.

(2) When 1 hour and 3 minutes elapsed from the start of
drying, the leak control valve LV was closed for 40 seconds.

period after the instant at which 10 seconds elapsed from the
closure of the leak control valve LV, the drying chamber’s
average degree of vacuum Pdc was 11.066 Pa and the cold
trap’s average degree of vacuum Pct was 10.515 Pa. As a
result, the sublimation interface temperature Ts calculated
from the above measured data was —=30.5° C., the sublima-
tion rate Qm changed from 0.148 Kg/hr to 0.163 Kg/hr, and
the measured product temperature Tb was -27.9° C.

(3) When 2 hours and 8 minutes elapsed from the start of
drying, the leak control valve LV was closed for 40 seconds.
For a period of first 3 seconds after the closure of the leak
control valve LV, the drying chamber’s average degree of



US 9,488,410 B2

27

vacuum Pdc was 13.315 Pa and the cold trap’s average
degree of vacuum Pct was 12.902 Pa. Further, for a 3-second
period after the instant at which 10 seconds elapsed from the
closure of the leak control valve LV, the drying chamber’s
average degree of vacuum Pdc was 10.769 Pa and the cold
trap’s average degree of vacuum Pct was 10.195 Pa. As a
result, the sublimation interface temperature Ts calculated
from the above measured data was =27.7° C., the sublima-
tion rate Qm changed from 0.153 Kg/hr to 0.164 Kg/hr, and
the measured product temperature Tb was -26.2° C.

(4) When 3 hours and 40 minutes elapsed from the start
of drying, the leak control valve LV was closed for 40
seconds. For a period of first 3 seconds after the closure of
the leak control valve LV, the drying chamber’s average
degree of vacuum Pdc was 12.580 Pa and the cold trap’s
average degree of vacuum Pct was 12.180 Pa. Further, for a
3-second period after the instant at which 10 seconds
elapsed from the closure of the leak control valve LV, the
drying chamber’s average degree of vacuum Pdc was 10.353
Pa and the cold trap’s average degree of vacuum Pct was
9.820 Pa. As a result, the sublimation interface temperature
Ts calculated from the above measured data was -27.2° C.,
the sublimation rate Qm changed from 0.144 Kg/hr to 0.152
Kg/hr, and the measured product temperature Th was —24.7°
C.

(5) When 4 hours and 40 minutes elapsed from the start
of drying, the leak control valve LV was closed for 40
seconds. For a period of first 3 seconds after the closure of
the leak control valve LV, the drying chamber’s average
degree of vacuum Pdc was 12.860 Pa and the cold trap’s
average degree of vacuum Pct was 12.486 Pa. Further, for a
3-second period after the instant at which 10 seconds
elapsed from the closure of the leak control valve LV, the
drying chamber’s average degree of vacuum Pdc was 10.209
Pa and the cold trap’s average degree of vacuum Pct was
9.689 Pa. As a result, the sublimation interface temperature
Ts calculated from the above measured data was -26.4° C.,
the sublimation rate Qm changed from 0.139 Kg/hr to 0.148
Kg/hr, and the measured product temperature Th was —24.5°
C.

As is obvious from Table 5, the calculated sublimation
interface temperature Ts is about 0.6 to 1.9° C. lower than
the measured product temperature. This temperature differ-
ence corresponds to the difference between the sublimation
interface temperature and the container bottom part tem-
perature.

When the leak control valve LV was closed for 40
seconds, the product temperature (measured temperature)
decreased by about 0.5° C. Unlike the conventional MTM
method, the present embodiment does not raise the subli-
mation interface temperature of the to-be-dried material by
degrading the degree of vacuum in the drying chamber when
the sublimation interface temperature Ts is calculated.
Hence, it is demonstrated that the risk of collapsing the
to-be-dried material can be completely avoided. Further, the
data in Table 5 proves that the method for calculating the
sublimation interface temperature of the to-be-dried material
in accordance with the present invention makes it possible to
accurately calculate the average sublimation interface tem-
perature of many to-be-dried materials introduced into the
drying chamber DC.

Advantages provided by the calculation method and cal-
culation device for the sublimation interface temperature,
bottom part temperature, and sublimation rate of the to-be-
dried material in accordance with the present invention will
now be enumerated.
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As described earlier, the MTM method closes the main
valve MV during the primary drying period. Therefore, the
degree of vacuum in the drying chamber DC may decrease
while the main valve MV is closed, thereby raising the
product temperature by 1 to 2° C. This may cause the
to-be-dried material to collapse. Meanwhile, the calculation
method and calculation device for the sublimation interface
temperature and sublimation rate of the to-be-dried material
in accordance with the present invention change the degree
of vacuum Pdc in the drying chamber DC in the increasing
direction during the primary drying period. This makes it
possible to decrease the sublimation interface temperature
Ts of the to-be-dried material as shown in FIG. 10 and
completely prevent the collapse of the to-be-dried material
unlike the MTM method.

Further, the calculation method and calculation device for
the sublimation interface temperature and sublimation rate
of the to-be-dried material in accordance with the present
invention make it possible to monitor the average sublima-
tion interface temperature Ts and sublimation rate Qm ofthe
to-be-dried material during the primary drying period with-
out requiring human intervention. Therefore, when a phar-
maceutical is formulated by using a freeze-drying device
that automatically loads a raw material liquid from a filling
machine to the freeze-drying device, it is possible to imple-
ment a noncontact process monitoring method called “PAT”
(Process Analytical Technology), which is recommended by
the United States Food and Drug Administration (FDA).

Furthermore, the calculation method and calculation
device for the sublimation interface temperature and subli-
mation rate of the to-be-dried material in accordance with
the present invention make it possible to not only calculate
the average sublimation interface temperature Ts of the
whole to-be-dried material during the primary drying period
of a freeze-drying process without measuring the product
temperature of each container, but also calculate the flow
rate of water vapor sublimated from the sublimation inter-
face, namely, the sublimation rate Qm (Kg/h). Therefore, a
change curve of the sublimation rate Qm during the primary
drying period is obtained. This makes it possible to monitor
the drying process more properly. As regards a pharmaceu-
tical, the amount of raw material liquid to be dispensed into
a container is changed in accordance with a titer. Therefore,
the length of primary drying time changes each time when
a pharmaceutical exhibiting a variable titer is to be formu-
lated. For this reason, if only the shelf temperature Th and
the drying time are managed, it is difficult to determine the
end of primary drying. The calculation method and calcu-
lation device for the sublimation interface temperature and
sublimation rate of the to-be-dried material in accordance
with the present invention make it possible to obtain the
change curve of the sublimation rate Qm. Hence, the end of
primary drying can be accurately determined.

Moreover, data on the water vapor transfer resistance of
a dried layer can be collected by measuring the average
sublimation interface temperature Ts and the sublimation
rate Qm. This makes it possible to create an optimum drying
program for the to-be-dried material in consideration of the
collapse temperature.

INDUSTRIAL APPLICABILITY

The present invention is applicable to a freeze-drying
device that is used to freeze-dry foods and pharmaceuticals.

LIST OF REFERENCE SIGNS

C . . . Opening adjustment device
CT ... Cold trap
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CR . . . Control device
DC ... Drying chamber
MV ... Main valve

P ... Vacuum pump
PLC . .. Sequencer
V ... Suction valve

W . .. Freeze-drying device
a ... Main pipe

b ... Vacuum gauge

ct ... Trap coil (plate)

e ... Recorder

f. .. Vacuum control circuit
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material that prevail during the primary drying period
in accordance with measured data about the opening
angle (0) of the opening adjustment device (C), the
degree of vacuum (Pdc) in the drying chamber (DC),
5 and the degree of vacuum (Pdt) in the cold trap (CT),
which are obtained before and after the opening-direc-
tion turning of the opening adjustment device (C).

3. The calculation method for the sublimation interface
temperature, and the sublimation rate of the material to be
dried in the freeze-drying device according to claim 1,

wherein the drying chamber (DC) includes a vacuum

The invention claimed is:

1. A calculation method for a sublimation interface tem-
perature and a sublimation rate of a material to be dried in
a freeze-drying device,

in the calculation method for the sublimation interface

temperature, a bottom part temperature, and the subli-
mation rate of the material to be dried in the freeze-
drying device comprising: a drying chamber (DC) into
which the to-be-dried material is introduced; a cold trap
(CT) for condensing and trapping water vapor gener-
ated from the to-be-dried material introduced into the
drying chamber (DC); a main pipe (a) for providing
communication between the drying chamber (DC) and
the cold trap (CT); a main valve (MV) for opening and
closing the main pipe (a); vacuum adjustment means
for adjusting a degree of vacuum in the drying chamber
(DC); vacuum detection means for detecting an abso-
lute pressure in the drying chamber (DC) and an
absolute pressure in the cold trap (CT); and a control
device (CR) for automatically controlling operations of
the drying chamber (DC), of the cold trap (CT), and of
the opening adjustment means,

wherein the control device (CR) stores a required rela-

tional expression and a calculation program, drives the
vacuum adjustment means during a primary drying
period of the to-be-dried material to temporarily change
the degree of vacuum (Pdc) in the drying chamber (DC)
in an increasing direction, and calculates an average
sublimation interface temperature, an average bottom
part temperature, and the sublimation rate of the to-be-
dried material that prevail during the primary drying
period in accordance with the relational expression and
with measured data including at least the degree of
vacuum (Pdc) in the drying chamber (DC) and the
degree of vacuum (Pdt) in the cold trap (CT), which are
obtained before and after the temporary change.

2. The calculation method for the sublimation interface
temperature, and the sublimation rate of the material to be
dried in the freeze-drying device according to claim 1,

wherein the main pipe (a) includes a damper-type opening

adjustment device (C) as the vacuum adjustment
means, and the relational expression stored in the
control device describes the relationship between the
sublimation rate (Qm) under water load in a state where
the main valve (MV) is fully open, an opening angle (6)
of the opening adjustment device (C), and a main pipe
resistance R(0); and

the control device (CR) turns the opening adjustment

device (C) at least once in an opening direction during
the primary drying period of the to-be-dried material
introduced into the drying chamber (DC) to change the
degree of vacuum (Pdc) in the drying chamber (DC) in
the increasing direction, and calculates the average
sublimation interface temperature, the bottom part tem-
perature, and the sublimation rate of the to-be-dried
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control circuit (f) with a leak control valve (LV) as the
vacuum adjustment means, and the relational expres-
sion stored in the control device describes the relation-
ship between the sublimation rate (Qm) under water
load in a state where the main valve (MV) is fully open
and a water vapor flow resistance coefficient (Cr) of the
main pipe (a); and

the control device (CR) closes the leak control valve (LV)

at least once during the primary drying period of the
to-be-dried material introduced into the drying cham-
ber (DC) to change the degree of vacuum (Pdc) in the
drying chamber (DC) in the increasing direction, and
calculates the average sublimation interface tempera-
ture, the average bottom part temperature, and the
sublimation rate of the to-be-dried material that prevail
during the primary drying period in accordance with
measured data about the degree of vacuum (Pdc) in the
drying chamber (DC) and the degree of vacuum (Pdt)
in the cold trap (CT), which are obtained before and
after the closing of the leak control valve (LV).

4. A calculation device for a sublimation interface tem-
perature and a sublimation rate of a material to be dried in
a freeze-drying device,

in the calculation device for the sublimation interface

temperature, a bottom part temperature, and the subli-
mation rate of the material to be dried in the freeze-
drying device comprising: a drying chamber (DC) into
which the to-be-dried material is introduced; a cold trap
(CT) for condensing and trapping water vapor gener-
ated from the to-be-dried material introduced into the
drying chamber (DC); a main pipe (a) for providing
communication between the drying chamber (DC) and
the cold trap (CT); a main valve (MV) for opening and
closing the main pipe (a); vacuum adjustment means
for adjusting the degree of vacuum in the drying
chamber (DC); vacuum detection means for detecting
an absolute pressure in the drying chamber (DC) and an
absolute pressure in the cold trap (CT); and a control
device (CR) for automatically controlling operations of
the drying chamber (DC), of the cold trap (CT), and of
opening adjustment means,

wherein the control device (CR) is a sequencer (PLC) or

a personal computer (PC) that stores a required rela-
tional expression and a calculation program; and

the control device (CR) drives the vacuum adjustment

means during a primary drying period of the to-be-
dried material to temporarily change the degree of
vacuum (Pdc) in the drying chamber (DC) in an
increasing direction, and calculates an average subli-
mation interface temperature, an average bottom part
temperature, and the sublimation rate of the to-be-dried
material that prevail during the primary drying period
in accordance with the relational expression and with
measured data including at least the degree of vacuum
(Pdc) in the drying chamber (DC) and the degree of
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vacuum (Pdt) in the cold trap (CT), which are obtained
before and after the temporary change.

32
and the degree of vacuum (Pdt) in the cold trap (CT),
which are obtained before and after the opening-direc-

5. The calculation device for the sublimation interface
temperature, and the sublimation rate of the material to be
dried in the freeze-drying device according to claim 4,

wherein the main pipe (a) includes a damper-type opening

adjustment device (C) as the vacuum adjustment

tion turning of the opening adjustment device (C).
6. The calculation device for the sublimation interface
5 temperature, and the sublimation rate of the material to be
dried in the freeze-drying device according to claim 4,
wherein the drying chamber (DC) includes a vacuum

means, in the calculation device for the sublimation
interface temperature, the bottom part temperature, and

control circuit (f) with a leak control valve (LV) as the
vacuum adjustment means;

;?:engéf;i;ogei?;?f the material to be dried in the 10 the relational expression stored in the control device (CR)
the relational expression stored in the control device (CR) descrlbezthe retlatllo nsén.p bet:v::en Ele 51t1llzhmat.10n rla te
describes the relationship between the sublimation rate (1\Q/[H\1/) un ﬁe,ﬁlwa er Joa dm a state where fl © matl varve
(Qm) under water load in a state where the main valve ( fﬁ) 15 g op?nﬁ nd a water VapF)r dOW resistance
(MV) is fully open, an opening angle () of the opening 15 coelhicient (. 1) of the main pipe (a); an
adjustment device (C), and a main pipe resistance R(6); the control device (CR) closes the leak control valve (LV)
and ’ ’ at least once during the primary drying period of the
the control device (CR) turns the opening adjustment {)O'be]')déled mlelltenal El trgduced 1fnt0 the dr}ggg gharlrll-
device (C) at least once in an opening direction during er.( ) to change t ¢ degree o Vaguum.( C) in the
the primary drying period of the to-be-dried material 20 drying chamber (DC) in th? nereasing direction, and
introduced into the drying chamber (DC) to change the calculates the average sublimation interface tempera-
degree of vacuum (Pdc) in the drying chamber (DC) in ture, the. average bottom part temperature, and th.e
the increasing direction, and calculates the average sub.hmatlon rate of the tg-be-dqed Ipatenal that preyall
sublimation interface temperature, the bottom part tem- during tléedpnmsry dgyllég perlo(; mn accor(;aélce. Wlltlh
perature, and the sublimation rate of the to-be-dried 25 measured data about the degree of vacuum (Pdc) in the

material that prevail during the primary drying period
in accordance with measured data about the opening
angle (0) of the opening adjustment device (C), the
degree of vacuum (Pdc) in the drying chamber (DC),

drying chamber (DC) and the degree of vacuum (Pdt)
in the cold trap (CT), which are obtained before and
after the closing of the leak control valve (LV).
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